CD8
ϩ effector T cells are central mediators of antiviral immunity. These cells have been found to exert their antiviral functions by at least two distinct mechanisms. First, CD8 ϩ effector T cells can recognize and kill virus-infected cells either via perforin-dependent lysis or through Fas-Fas ligand interaction, leading to apoptosis of the target cell (18, 40, 45) . Second, virus-specific CD8 ϩ T cells are potent producers of antiviral cytokines, in particular gamma interferon (IFN-␥), which may attenuate viral replication, e.g., by rendering uninfected cells refractory to viral infection (32, 33) . The relative importance of these two different effector mechanisms (cell lysis versus antiviral cytokines) in the elimination of a viral infection is hypothesized to be heavily influenced by the virus and its life cycle. Thus, resolution of cytopathic viruses is thought to be mediated mainly by soluble mediators such as antibodies and interferons, whereas cytotoxicity should be crucial for the clearance of a noncytopathic virus (17) . Murine lymphocytic choriomeningitis virus (LCMV) infection is often taken as a protypic example of an infection with a noncytopathic virus; consistent with the above-cited hypothesis, the majority of studies using this model system have revealed that IFN-␥ plays only a marginal role in clearance of acute LCMV infection (15, 21, 29, 39, 42, 44) . In contrast, this cytokine seems to be important for adoptive immunotherapy of persistent virus carriers (mice infected at birth) (31, 39) . However, a recent study by our group has revealed that the importance of IFN-␥ during acute LCMV infection is strongly influenced by the invasiveness of the virus strain used to probe the role of cytokines (30) . Thus, using mice deficient in IFN-␥ (IFN-␥ Ϫ/Ϫ mice), we have found that systemic infection with a rapidly invasive strain of LCMV (the Traub strain) leads to a CD8 ϩ effector T-cell-mediated wasting syndrome and subsequent death in the majority of infected mice. This disease appears to be the result of an imbalance between virus replication in internal organs and the host response, resulting in severe immune-mediated tissue damage. Infection of mice with a lower dose of the same virus strain resulted in reduced mortality and persistent infection in survivors (unpublished observation). In contrast, IFN-␥ was not required to protect mice infected with the slowly invasive LCMV Armstrong strain, although higher virus levels were observed in organs of IFN-␥ Ϫ/Ϫ mice evaluated 10 days postinfection (p.i.). However, whether lack of IFN-␥ merely causes a delay in virus clearance or fundamentally impairs the ability to control LCMV infection has not been resolved. As this distinction is scientifically important, the purpose of the present study was to investigate whether complete and permanent virus control could be accomplished in the absence of IFN-␥. This question was addressed using IFN-␥ Ϫ/Ϫ mice infected with a moderate dose of LCMV Armstrong (10) . Since a persistent infection was induced under these conditions, the cellular immune response was analyzed in order to clarify whether persistence of virus resulted from exhaustion of the capacity to generate virus-specific cytotoxic cell lymphocytes (CTLs) or from a more subtle change in the equilibrium that normally is established between the virus and the host (9, 35, 36, 38, 43) . Our results reveal that virus persistence is not due to exhaustion of virus-specific CTLs or to impaired CTL memory. Rather, our results disclose that cytotoxic effectors are insufficient to completely eliminate LCMV but are kept in a permanently activated state by the continuous presence of antigen. This results in a shift in the equilibrium of CTL activity and virus replication, leading to a finely balanced long-standing coexistence of viral persistence and active T-cell immune surveillance. The discovery of this new pattern in LCMV-infected mice has implications for our general understanding of the role of host immunity in chronic viral infections in humans (e.g., infection caused by hepatitis B and C viruses, cytomegalovirus, and human immunodeficiency virus).
MATERIALS AND METHODS
Mice. C57BL/6 (B6) wild-type mice were obtained either from Bomholtgaard Ltd. (Ry, Denmark) or the Jackson Laboratory (Bar Harbor, Maine). IFN-␥ Ϫ/Ϫ mice (C57BL/6-ifg) were also derived from the Jackson Laboratory either directly or as the progeny of breeder pairs thus obtained. Seven-to 10-week-old mice were used in all experiments, and animals were always allowed to acclimatize to the local environment for at least 1 week before use. All animals were housed under specific-pathogen-free conditions as validated by screening of sentinels. All animal experiments were conducted according to institutional guidelines.
Virus. LCMV of the Armstrong strain (clone 53b) was used in all experiments (50). Mice to be infected received a dose of 4,800 PFU in an intravenous (i.v.) injection of 0.3 ml.
Virus titration. Organ virus titers were assayed by intracerebral inoculation of 10-fold dilutions of a 10% organ suspension into young adult Swiss mice. Titration endpoints were calculated by the Kärber method and expressed as mean lethal dose.
In vivo BrdU labeling. Mice were given 5-bromo-2Ј-deoxyuriduine (BrdU; Sigma Chemical Co., St. Louis, Mo.) at 0.4 mg/ml in their drinking water for a period of 7 days. BrdU-containing water was protected from light and changed daily.
Cell preparations. Spleens from mice were aseptically removed and transferred to Hanks' balanced salt solution. Single-cell suspensions were obtained by pressing the organs through a fine sterile steel mesh, and erythrocytes were lysed by 0.83% NH 4 Cl treatment. The cells were washed twice with Hanks' balanced salt solution, and cell concentration was adjusted in RPMI 1640 containing 10% fetal calf serum, supplemented with 2-mercaptoethanol, L-glutamine, and penicillin-streptomycin solution.
Limiting dilution analysis (LDA). CTL precursor (CTLp) frequencies were determined as previously described (11) . Threefold dilutions of responder cells were added in 100 l of medium to round-bottom 96-well microtiter plates. Replicates (24 wells) were plated for each responding cell dilution and cocultured with 100 l (3 ϫ 10 5 cells) of ␥-irradiated (2,500 R), T-cell-depleted wild-type splenocytes either unpulsed or pulsed with glycoprotein 33-41 (GP33-41) or nucleoprotein 396-404 (NP396-404) (the two immunodominant major histocompatibility complex [MHC] class I-restricted peptides of LCMV in H-2 b mice [13, 34, 49] ). The medium contained 10 U of human recombinant interleukin-2 per liter. Three identical sets of cultures were initiated with different stimulators and incubated for 7 days at 37°C in a humidified atmosphere. On day 4, 20 l of medium with interleukin-2 (100 U/ml) was added to the cultures. The contents of individual wells were tested for cytotoxicity at the end of the culture period by incubating each well with 5,000 51 Cr-labeled, peptide-pulsed or unpulsed EL-4 cells (H-2 b , MHC-I ϩ II Ϫ ) for 6 h. Wells were considered positive if the cytotoxic activity exceeded the average ϩ 3 standard deviations of the spontaneous release of target cells incubated with medium alone. Minimal estimates of pCTL frequencies were obtained according to the Poisson distribution.
Cytotoxicity assays. Virus-specific CTL activity was assayed in a standard 51 Cr release assay using EL-4 cells pulsed for 1 h at 37°C with LCMV GP33-41 or NP396-404 peptide; unpulsed EL-4 cells served as control targets. Assay time was 5 h, and percent specific release was calculated as described previously (22, 37) .
MAbs for flow cytometry. The following monoclonal antibodies (MAbs) were all purchased from PharMingen as rat anti-mouse antibodies: fluorescein isothiocyanate-and biotin-conjugated anti-CD49d (common ␣ chain of LPAM-1 and VLA-4), phycoerythrin-conjugated anti-CD8a, biotin-conjugated anti-CD62 ligand (CD62L; L-selectin, MEL-14), and biotin-conjugated anti-CD44. Fluorescein isothiocyanate-conjugated anti-BrdU was purchased from Becton Dickinson (San Jose, Calif.).
Flow cytometric analysis. One million cells were stained with directly labeled MAb in staining buffer (10% rat serum, 1% bovine serum albumin, and 0.1% NaN 3 in phosphate-buffered saline [PBS]) for 20 min in the dark at 4°C and subsequently washed. If biotin-conjugated MAb was used, cells were additionally incubated with streptavidin-Tri-color or streptavidin-CyCrome (Caltag Laboratories, San Francisco, Calif.), washed, and fixed with 1% paraformaldehyde (2, 3, 8) .
For BrdU staining (4, 12, 41) , cells were stained for surface markers as described above, resuspended in PBS-1% NaN 3 , transferred to ice-cold 0.15 M NaCl solution, and fixed by adding ice-cold 96% ethanol drop by drop. After incubation for 30 min on ice, cells were washed with PBS and resuspended in PBS with 0.01% Tween 20 and 1% paraformaldehyde. After a 1-h incubation at room temperature, cells were pelleted and resuspended in PBS with 0.15 M NaCl-4.2 mM MgCl 2 (pH 5) containing DNase I (50 Kunitz U/ml; Sigma). Following incubation for 15 min at 37°C, cells were washed once in PBS before addition of the anti-BrdU MAb. After incubation with antibody for 30 min at room temperature, cells were washed in PBS and analyzed using CellQuest software.
Mathematical modeling. To analyze the effect of eliminating IFN-␥ production on the dynamics between virus replication and the CTL response, we consider a simple mathematical model consisting of three variables: uninfected target cells (x), infected target cells (y), and a CTL response (z). It is given by the following set of differential equations:
Uninfected cells are produced at a constant rate , die at a rate dx, and become infected by the virus at a rate ␤xy. The rate of virus replication is reduced by IFN-␥, secreted from CTLs, at a rate qz ϩ 1. Infected cells die at a rate ay and become lysed by CTLs at a rate pyz. The CTL response expands in response to antigen at a rate cy and decays at a rate bz. The efficacy of IFN-␥-mediated virus inhibition is therefore captured in the parameter q. IFN-␥ Ϫ/Ϫ mice are characterized by a value of q ϭ 0, while wild-type mice have a value of q ϾϾ 0. If the basic reproductive ratio of the virus (R 0 ϭ ␤/da) is greater than unity, the virus can initially establish an infection, resulting in expansion of the CTL response. The system subsequently converges to a stable equilibrium, described by the following expressions:
RESULTS
Kinetics of virus clearance in IFN-␥ ؊/؊ mice. While wildtype mice exhibit few symptoms, i.v. infection with the rapidly invasive LCMV Traub strain induces severe, mostly fatal wasting disease in IFN-␥-deficient mice (30) . Previous analysis has revealed that this outcome is the result of augmented immunopathology associated with exacerbated virus replication in the viscera. In contrast, IFN-␥ Ϫ/Ϫ mice infected with even higher doses of LCMV Armstrong strain exhibit only mild and transient disease. To determine whether the latter clinical outcome reflects complete and permanent virus control in this case, the kinetics of virus clearance were followed in IFN-␥ Ϫ/Ϫ mice infected with a relatively low dose (4,800 PFU) of the slowly invasive LCMV Armstrong strain. At different time points after infection, groups of gene knockout mice and similarly infected wild-type animals were sacrificed, and spleens and lungs were assayed for virus contents. As shown in Fig. 1 , infected IFN-␥ Ϫ/Ϫ mice developed a persistent infection with substantial levels of virus in spleens and lungs for as long as 5 months after infection. In contrast, most wild-type mice cleared the infection in less than 2 weeks. Thus, IFN-␥ is mandatory for control of LCMV Armstrong replication even though this virus strain spreads slowly in the host and has little potential for causing persistent infection in fully immunocompetent mice even at high doses (26, 38) .
Kinetics of ex vivo virus-specific CTL activity. LCMV infection is primarily controlled through CTL-mediated lysis of infected cells (18, 45) . Therefore, to investigate whether the impaired capacity to control the infection in IFN-␥ Ϫ/Ϫ mice resulted from a failure to generate virus-specific CTL effectors, we assayed ex vivo splenic CTL activity to GP33-41 and NP396-404 at several time points (7, 14, 30, 60 , and 90 days) after infection. As evident from Fig. 2 , CTL activity during the acute phase of the infection, i.e., day 7 p.i., was of similar magnitude in the two strains, confirming previous findings indicating that IFN-␥ is not essential for effector cell differentiation. However, a significant difference in long-term maintenance of ex vivo cytotoxicity was noted between the strains. Specifically, substantial CTL activity was maintained in IFN-␥ Ϫ/Ϫ mice, and ex vivo lysis at 3 months p.i. was of the same magnitude as that measured after 2 weeks. In contrast, CTL activity in wild-type mice decreased with time and was almost undetectable by 3 months p.i. (Fig. 2) . Interestingly, the relative strength of the CTL responses to GP33-41 and NP396-404 shifted with time in most infected IFN-␥ Ϫ/Ϫ mice. Thus, NP396-404-pulsed target cells tended to be killed more efficiently than GP33-41-pulsed targets early in the infection (days 7 and 14 p.i.; eight mice individually analyzed). However, with time a gradual shift was noted, such that at 90 days p.i., seven out of eight mice had higher cytolytic activity against GP33-41-pulsed targets; a similar shift was not observed in wild-type mice, in which equivalent killing of both types of targets was consistently observed. Only two IFN-␥ Ϫ/Ϫ mice were analyzed at 240 days p.i., but the pattern was similar to that observed on days 60 and 90 p.i. Together, the above findings indicate that virus persistence in IFN-␥-deficient mice is not due to failure of effector T-cell generation. Rather, a chronic coexistence of infectious virus and virus-specific CTL effectors is noted.
Chronic activation of CD8 ؉ T cells in IFN-␥ ؊/؊ mice. The continuously elevated ex vivo CTL activity observed in LCMVinfected IFN-␥ Ϫ/Ϫ mice suggested that the number of activated CD8
ϩ T cells as well as CD8 ϩ cell cycling might be increased in these mice. Phenotypic characterization (2) of splenocytes from infected mice (Fig. 3) revealed that activated CD8 ϩ T cells initially were generated at almost equal numbers in both mouse strains. However, at 2 to 3 months p.i., most splenic CD8
ϩ T cells in wild-type mice had a naive phenotype (CD44 low VLA-4 low L-sel high ) as expected once the infection was controlled (2, 3) . In contrast, infected IFN-␥ Ϫ/Ϫ mice had substantially more splenic CD8 ϩ T cells than wild-type mice (Fig. 3B) , and a high proportion of these cells had an activated phenotype (CD44 high VLA-4 high L-sel low ) (Fig. 3A shows a typical example). Furthermore, analysis of CD8 ϩ T-cell proliferation by use of BrdU labeling (Fig. 3c) revealed that more splenic CD8 ϩ T cells from knockout mice were actively cycling at 2 and 3 months p.i. Notably, the majority of cycling cells in IFN-␥ Ϫ/Ϫ mice had retained the activated L-sel low phenotype (Fig. 3A and C) . This is in contrast to the situation in wild-type mice, in which this pattern was seen only in the acute phase of infection. It should be added that only marginal differences between wild-type and IFN-␥ Ϫ/Ϫ mice were detected in uninfected controls. Altogether, these results suggest that generation of CTL effectors is insufficient to mediate virus clearance pCTL levels in IFN-␥ ؊/؊ mice. Since the persistent infection in IFN-␥ Ϫ/Ϫ mice was associated with long-standing CD8 ϩ T-cell activation, it was pertinent to ask whether this resulted in depletion of the CTL memory pool (persisting antigen might drive the specific T cells toward terminal differentiation, thereby reducing their proliferative potential). Functionally the most basic memory T cells are characterized by the capacity to undergo rapid and extensive expansion, thus leading to a marked clonal burst of differentiated effector cells (25) . Since LDA is the only means to quantitate this functionally defined subset, groups of IFN-␥ Ϫ/Ϫ and wild-type mice were infected with 4,800 PFU of LCMV Armstrong, and the frequencies of virus-specific pCTLs were measured by LDA at 3 months p.i.; virus-specific CTL memory was evaluated using two immunodominant MHC class I-restricted peptides (GP33-41 and NP396-404) (13, 34, 49) . As evident from Table  1 , the total number of LCMV-specific pCTL was not lower in infected IFN-␥ Ϫ/Ϫ mice than in wild-type mice; rather, precursor levels were consistently higher in IFN-␥ Ϫ/Ϫ mice. Thus, in two independent experiments the knockout mice contained three to six times more LCMV-specific pCTLs. Persistent infection thus did not drive the CTL memory pool toward extinction.
Mathematical modeling of virus control and CTL activity in LCMV-infected IFN-␥ ؊/؊ and wild-type mice. Finally, to investigate whether the above findings could be explained in simple quantitative terms, we used the mathematical model described in Materials and Methods to analyze the effect of eliminating IFN-␥ production on the dynamics between virus replication and the CTL response. We looked at the effect of the rate of IFN-␥-mediated virus inhibition on (i) the degree of CTL-induced pathology and (ii) the correlation between CTL and virus load at equilibrium. The rate of IFN-␥-mediated virus inhibition is described by the parameter q. IFN-␥ Ϫ/Ϫ mice are described by a value of q ϭ 0, while wild-type mice are characterized by a value of q ϾϾ 0. Figure 4a shows the effect of IFN-␥ production on the degree of CTL-induced pathology, measured by the total number of target cells (uninfected and infected) seen at equilibrium. The degree of CTL-induced pathology observed in IFN-␥ Ϫ/Ϫ mice (q ϭ 0) depends on the rate of viral replication. If the virus replicates at a high rate, strong depletion of target cells is observed in IFN-␥ knockout mice, and the host is likely to die, as we have previously observed following infection with LCMV Traub. On the other hand, if the virus replicates slowly, there is minimal target cell depletion, and the host is likely to survive with virus and CTLs coexisting. Figure 4b shows the effect of IFN-␥ production on the level of virus load and CTLs at equilibrium. The lower the rate of IFN-␥-mediated virus inhibition, the higher the virus load and the higher the number of CTLs seen at equilibrium. Figure 5 illustrates a typical time course for CTL activity and virus load in knockout mice and wild-type animals. Thus, the model predicts that IFN-␥ Ϫ/Ϫ mice show both a higher LCMV load and a higher number of LCMV-specific CTLs. If CTLs lose the ability to secrete IFN-␥, they become less efficient at inhibiting viral replication. The less efficient the CTLs, the more that can persist due to the higher availability of antigen. This result is similar to predator-prey dynamics in ecology: if each predator is very efficient at killing the prey, a given prey population will not be able to sustain a large number of predators. In contrast, if each predator is inefficient and consumes only a small fraction of the prey population, a large number of predators may coexist at equilibrium. It should be noted that the above model assumes that IFN-␥ acts by reducing the rate of viral replication. An alternative, indirect mechanism would be that IFN-␥ augments the efficacy of in vivo CTL-mediated killing. However, if this possibility is explicitly included into the model, the results concerning the effect of IFN-␥ knockout remain identical. Mathematical models of lytic and nonlytic immunity have recently been analyzed by Wodarz and Nowak (47) .
DISCUSSION
It has been difficult to obtain a clear impression of the relative importance of antiviral cytokines versus cell contactdependent lysis as effector mechanisms in antiviral immunity. A prevailing hypothesis predicts that soluble mediators such as IFN-␥ and antibodies are important in controlling cytopathic viruses, whereas T-cell-mediated cytotoxicity is crucial for elimination of noncytopathic viruses (17) . However, although cytotoxicity is obviously required for clearance of a noncytopathic virus such as LCMV (18, 45) , it is clearly not sufficient (19, 31, 36) , and IFN-␥ may be an additional required factor (33). Thus, although some studies have suggested that IFN-␥ is redundant in the resolution of infection with noncytopathic virus (15, 21, 29, 39, 42, 44) , we have recently found this cytokine to be mandatory for control of infection with noncytopathic but rapidly invasive LCMV Traub (30) . In contrast, IFN-␥ seemed less important for the acute control of the slowly invasive LCMV Armstrong strain. However, whether complete and permanent virus control could be accomplished in the absence of IFN-␥ was not addressed at the time. The primary aim of the present study was therefore to resolve that important question. This was done by assessing the role of IFN-␥ in the long-term control of infection with the latter LCMV strain. Our results disclose that systemic infection with LCMV Armstrong in mice deficient in IFN-␥ with few exceptions evolves into a chronic persistent infection, despite the fact that this virus strain has a limited potential for causing persistent infection in immunocompetent wild-type mice even at very high doses (26, 27) . To determine what happens with regard to the cell-mediated immune response in persistently infected IFN-␥ Ϫ/Ϫ mice, we have analyzed different parameters of the LCMV-specific CD8 ϩ T-cell response. Most importantly, we found significantly higher ex vivo virus-specific CTL activity in IFN-␥ Ϫ/Ϫ mice than in wild-type mice, especially in the late phase of infection (3 months p.i.). Thus, the failure to eliminate the virus in LCMV Armstrong-infected IFN-␥ Ϫ/Ϫ mice is not caused by failure of effector cell generation. This observation confirms our recent interpretation that the collapse of the LCMV-specific CTL response noted in LCMV Traub-infected, IFN-␥ Ϫ/Ϫ mice is an immunopathological event and not the result of a requirement for IFN-␥ in effector cell differentiation as suggested by others (20, 46) . At 3 months p.i. we also found an expanded population of LCMVspecific pCTLs in IFN-␥ Ϫ/Ϫ mice. Although there is a continuing debate concerning this issue, pCTLs as detected by LDA are likely to represent the true memory cells (25) , i.e., the cells critical for long-term maintenance of CTL responsiveness. Thus, it may be concluded that virus-specific CTL memory is induced and maintained in IFN-␥ Ϫ/Ϫ mice at a level which is not lower than observed in wild-type mice. This finding excludes that IFN-␥ is required for the generation of LCMVspecific memory pCTLs, a mechanism recently proposed to limit the responsiveness of LCMV-infected CD40 ligand-deficient mice (6) . More important, it is evident that the antiviral CD8 ϩ T-cell response is not pushed toward exhaustion in persistently infected IFN-␥ Ϫ/Ϫ mice. Virus persistence due to exhaustion of CTL memory has previously been documented in mice lacking either CD4 ϩ T cells or B cells as well as in wild-type mice infected with very high doses of virus and in mice infected with certain rapidly invasive LCMV strains (1, 5, 7, 14, 24, 26, 28, 36) . Thus, the chronic infection of IFN-␥ Ϫ/Ϫ mice represents a previously undescribed outcome of LCMV infection characterized by long-term coexistence of virus-specific effector cells and substantial viral infection. Precisely how IFN-␥ exerts its antiviral role is not known. One possibility is that this cytokine directly impairs virus spreading by reducing the susceptibility of uninfected cells to infection. Another possibility is that IFN-␥ works by augmenting antigen processing and presentation and thus indirectly enhances the effector capability of available CTL effectors. While the present data do not allow a distinction between these possibilities, it is evident that the effect is found in the efferent phase, not in the afferent or central phase, of the T-cell response.
Interestingly, ex vivo CTL activity against the two major viral epitopes, GP33-41 and NP396-404, tends to change over time in IFN-␥ Ϫ/Ϫ mice. Thus, responses of about equal magnitude were seen during the acute phase of infection. With time, however, CTL activity against GP33-41 gradually becomes more prominent, and at 3 months p.i. CTL activity against this epitope is found to be significantly higher. This finding indicates that CD8 ϩ T cells directed toward the two immunodominant epitopes are differentially affected by the chronic infection in IFN-␥ Ϫ/Ϫ mice. A couple of studies have previously revealed significant changes in the T-cell repertoire during persistent viral infection. One study on CD4-deficient mice chronically infected with LCMV revealed a selective deletion of NP396-404-specific CTLs, whereas most GP33-41-specific CTLs became anergic. In another study, selection of CD8 ϩ T cells with highly focused specificity was found in mice chronically infected with JHM strain of mice hepatitis virus in the central nervous system (23) . Whether selection of certain memory or persistent CTLs takes place during the apoptotic phase of acutely activated CTLs or via antigen-delivered restimulation of distinct memory cell subsets is still a matter of debate (25) . It is also unclear whether high-avidity CTLs are more prone to apoptosis or selectively maintained during persistence by low-level antigen stimulation (51) . In this context, it is of interest that a recent study indicate that NP396-404-specific CTLs are more efficient as antiviral effectors in vivo (14) . Moreover, this difference appeared to be even more pronounced in mice lacking IFN-␥ functions. Thus, interestingly, preferential maintenance of a seemingly less efficient CTL subset seems to take place in persistently infected IFN-␥ Ϫ/Ϫ mice.
In agreement with the prolonged effector response observed in infected IFN-␥ Ϫ/Ϫ mice, flow cytometric analysis revealed the persistence of an activated (L-sel low VLA-4 high CD44 high [2, 3] ) and cycling (BrdU ϩ ) CD8 ϩ T-cell subset in these mice. Although the specificity of the activated CD8 ϩ T cells has not been directly demonstrated, the presence of these cells is clearly related to the ongoing infection, as a similar pattern is not observed in uninfected controls. Therefore, our results indicate that in the absence of IFN-␥, CTLs are insufficient to clear the virus but are kept in an activated state (as evidenced functionally and, probably, also phenotypically) by the continuous presence of live virus. This results in a delicate new balance between viral load and host immunity. This interpretation of the experimental findings is indeed supported by theoretical modeling describing the effects elimination of IFN-␥-mediated antiviral activity would have on the steady-state levels of virus and CTL activity provided that IFN-␥ deficiency is not associated with impairment of CTL expansion and differentiation. The model predicts that the steady-state levels of both virus replication and CTL activity are markedly influenced by the absence of IFN-␥ if this cytokine contributes significantly to virus control. In the absence of IFN-␥, the equilibrium levels of both populations are increased, which is in total agreement with our experimental observations. This result also agrees with data showing a positive correlation between CTL and provirus load among asymptomatic human T-cell leukemia virus type 1 (HTLV-1) carriers (48) . There is evidence that in HTLV-1 infection, a higher provirus load is the result of a weaker CTL response, and this is associated with higher numbers of CTLs at equilibrium (16) .
In a previous study, we found that the role of IFN-␥ in controlling LCMV infection is critically dependent on the invasiveness of the virus strain under investigation (30) . Thus, infection with the rapidly invasive LCMV Traub was found to result in severe tissue damage and subsequent death in the absence of IFN-␥. In the present report, we show that IFN-␥ Ϫ/Ϫ mice infected with LCMV Armstrong survive but never completely control the infection. This is in agreement with the theoretical prediction that a persistent infection coexisting with CTLs in the absence of substantial immunopathology is possible only for slowly replicating virus strains. Persistence of virus is not due to exhaustion of CTL effector capacity or impaired CTL memory. The present study therefore demonstrates that IFN-␥ is absolutely instrumental for complete and permanent control of infection with this noncytopathic virus even in the face of a permanently hypercompensated CTL response. Thus, the capacity to produce IFN-␥ critically regulates the virus-host balance during what is normally perceived as the memory phase of this infection, and in IFN-␥-deficient mice a new equilibrium, characterized by long-term stable coexistence of virus-specific CTL effectors and widespread virus replication, is established. This is in contrast to previous studies which found that chronic LCMV infection normally terminates either by immune exhaustion and complete collapse of virus control or by elimination below the level of detection.
